The evolution of the martian atmosphere and its H 2 O inventory can be divided into early and late evolutionary epochs. Volatiles such as H 2 O and CO 2 could have built up a dense water vapour dominated H 2 O/CO 2 steam atmosphere during the early impact and magma ocean solidification period. Due to the high activity of the young Sun, Mars' atmosphere experienced soft X-ray and EUV-driven hydrodynamic blowoff during the early Noachian, which could have powered the loss of an outgassed initial steam atmosphere with a surface pressure of ≥ 100 bar. After this initial atmosphere was lost, impacts and mantle outgassing during later evolutionary epochs may have built up around ∼4±0.2 Gyr ago, a CO 2 atmosphere which could have been denser than the present ∼7 mbar. The CO 2 surface pressure of such a secondary atmosphere and its evolution followed a complex interplay of various nonthermal escape processes and carbonate precipitation. Finally we discuss how the discovery of transiting terrestrial exoplanets will open the possibility to test atmospheric evolution hypotheses as discussed in our study by observations and advanced numerical models.
Introduction
The current martian atmosphere and its isotopic ratios (e.g., Becker et al., 2003) have resulted from the action of impact erosion/delivery, SXR and EUV (XUV) and plasma driven thermal and nonthermal loss processes (e.g., Lundin et al., 2007; Lammer et al., 2008; Pham San et al., 2009; Tian et al., 2009 ) of volatiles as well as CO 2 surface weathering processes (e.g., Zent and Quinn, 1995; Bandfield et al., 2003; Phillips et al., 2010; Lammer, 2013; Lammer et al., 2013 Lammer et al., , 2018 .
The aim of this work is to discuss the origin and evolution of Mars' atmosphere during the early and late evolutionary epochs. In Section 2 we discuss the origin of an impact induced initial dense water vapour dominated H 2 O/CO 2 steam atmosphere during/after the magma ocean solidification phase. The loss of this initial atmosphere during the early Noachian and a possible growth of a secondary outgassed CO 2 atmosphere ≤4±0.2 Gyr ago is discussed in Section 3. In Section 4 we focus on the escape of Mars' CO 2 atmosphere during the past 3.5 Gyr, which resulted in the present ∼7 mbar surface pressure. Because Mars' upper atmosphere during the first ≤500 Myr most likely under solar XUV-induced non-hydrostatic conditions we discuss in Section 5 how the UV observation of hydrogen-and energetic neutral atom (ENA) clouds around transiting terrestrial exoplanets within orbits of dwarf stars could confirm the described atmospheric evolution hypothesis.
Origin of the Martian Atmosphere and Water Inventory
There are many pieces of evidence from the isotope records and dynamical reasons that Earth's initial water inventory originated from planetary embryos, which had their main origin in the asteroid belt (e.g., Morbidelli et al., 2000; Raymond et al., 2004; Lunine et al., 2011; Walsh et al., 2011; Marty, 2012; Brasser et al., 2017; Lammer et al., 2018) . According to terrestrial planet formation models planets originate not at the locations where they are located today (e.g., Raymond et al., 2004; Walsh et al., 2011) . According to the "Grand-Tack" model scenarios it is found that giant planet migration could restrict the formation of the terrestrial planets to locations between 0.7 and 1 AU (Walsh et al., 2011; Lammer et al., 2018) .
Although, it is not clear where Mars initially formed, all formation theories agree that the small planet remained significantly farther from the Sun than Earth during the most time of its history and its growth was stunted early so that its mass remained relatively low. According to a recent study by Brasser et al. (2017) , which is also based on the "Grand Tack" model, it is expected that Mars' formation required a special dynamical pathway, which was different compared to the Earth and Venus. In this studied formation scenario, Mars' volatile budget is most likely different from Venus and Earth.
Therefore, in the case of Mars the original D/H ratio in H 2 O, which was obtained from planetesimals is not well known. During accretion, three possibilities or a mixture of them for the delivery of water to the growing planet are possible i.) planetary embryos from beyond 2.5 AU, ii.) small asteroids from beyond 2.5 AU, and iii.) comets from the Jupiter region and beyond (Brasser, 2013) . Lunine et al. (2003) modeled how much H 2 O Mars could have acquired from asteroids and comets by estimating the cumulative collision probability between asteroids and comets with Mars. These authors assumed that comets consist of ∼50% of H 2 O-ice with a D/H ratio about 2 times the terrestrial value and that asteroids have ∼10% H 2 O by mass with D/H values comparable to Earth's ocean water. By using such impactors it was found that Mars could acquire an amount of H 2 O equivalent to ∼0.06-0.27 times the amount of an Earth ocean (EO) with a D/H ratio of ∼1.6 and ∼1.2 times of Earth's ocean water D/H ratio.
On Earth the mass of one evaporated EO, m EO ∼ 1.4 × 10 24 g corresponds to a surface pressure of ∼270 bar (e.g. Kasting and Pollack, 1983; Zahnle et al., 1988) . This is the averaged surface pressure executed by the weight of an EO, i.e.
with the surface gravitational acceleration g, planetary radius R pl , planetary mass M pl , and Newton's gravitational constant G. For Mars, one evaporated EO therefore corresponds to a surface pressure of ∼360 bar, while the hydrogen content corresponds to 1.56 × 10 23 g or EO/9, and hence a pressure of ∼40 bar. Thus, it follows from the results of Lunine et al. (2003) that early Mars could have produced an equivalent amount of H 2 O of ∼20-100 bar. This amount correspond to ∼600-2700 m worth of H 2 O equivalent on the martian crustal regolith and surface and is in agreement with previous studies (e.g., Baker, 2001 ) and recent arguments given in Brasser (2013) .
Models for martian magma oceans of varying depths predict that Mars' earliest crust was most likely formed by decompression mantle melting which could occur during gravitationally driven solid-state overturn of cumulates following magma ocean solidification (Elkins-Tanton et al., 2005; Elkins-Tanton, 2008; Erkaev et al., 2014) . The mantle solidification is found to be 98% complete in less than 3 Myr for various magma ocean depths and less than ∼10 5 years for low-volatile magma oceans (Elkins-Tanton, 2008) . Magma oceans with depths of 500 km or 2000 km, even with small initial volatile contents of ∼0.05 weight % (wt.%) H 2 O and ∼0.01 wt.% CO 2 outgassed an early atmosphere of ∼30-70 bars H 2 O and ∼5-12 bars CO 2 (Elkins-Tanton, 2008; Lammer, 2013; Erkaev et al., 2014; Lammer et al., 2018) . Model simulations with magma ocean depths larger than ∼1550 km produce two separate magmatic source regions during overturn that create compositionally distinct magmas, which are consistent with major element and trace element data for martian SNC meteorites as well as with volume estimates of crust from the northern and southern sides of the planet's dichotomy (Elkins-Tanton, 2005) . A higher initial volatile content of ∼0.5 weight % (wt.%) H 2 O and ∼0.1 wt.% CO 2 results in dense water vapour dominated H 2 O/CO 2 steam atmospheres on early Mars of ∼330-800 bars. From these studies we can expect that the higher initial H 2 O content cases of Elkins-Tanton (2008) with ∼0.5 wt.%, which yield several hundreds of bar dense water vapour dominated H 2 O/CO 2 atmospheres are not in agreement with the dynamical model results Lunine et al. (2003) and Mars' formation studies (Brasser, 2013; Brasser et al., 2017) .
In agreement with the formation and dynamical water delivery scenarios we assume that early Mars originated most likely with initial volatile contents in the order of ∼0.05 wt.% and outgassed after its magma ocean solidification a water vapour dominated dense H 2 O/CO 2 steam atmosphere within a range of ∼20-100 bar. One can expect that such an outgassed dense water dominated H 2 O/CO 2 atmosphere remained more or less in its gas phase during a few tens of Myr as a steam atmosphere. Matsui and Abe (1986) studied the early stages of accretion and early impacts. These authors suggested that during this early time period thermal blanketing and also frequent impacts which can rise temperatures up to ∼1500 K determined the environmental conditions. At the end of that epoch of a complex interplay between the greenhouse effect and impacts, the planet's surface and atmosphere cools, so that a remaining H 2 O vapour can condense and form oceans or ice in case if the climate is cold ice (Chassefiére, 1996; Lammer et al., 2013) .
XUV-powered Atmospheric Escape during the Early Noachian
The Sun's activity always played an important role in the escape and evolution of Mars' atmosphere. It is known from observations of young solar-type G stars since decades that opposite to a weaker total luminosity, the young stars are a much stronger source of X-rays, soft X-rays (SXR) and EUV (XUV) electromagnetic radiation (e.g., Newkirk, 1980; Skumanich and Eddy, 1981; Zahnle and Walker, 1982) . Due to the lack of detailed astrophysical observations of solar proxies with different ages, previous studies on XUV-driven hydrodynamic escape of primitive atmospheres applied only rough XUV enhancement scaling factors (e.g., Sekiya et al., 1980; Watson et al., 1981; Kasting and Pollack, 1983; Zahnle and Kasting, 1986; Zahnle et al., 1988; Chassefière, 1996) . Dorren and Guinan (1994) have studied the evolution of UV line fluxes in detail by using spectral measurements from the IUE satellite. Güdel et al. (1997) and Ribas et al. (2005) extended this research to X-rays and EUV which are the relevant wavelengths (λ ≤ 1000Å) for ionization, dissociation and thermospheric heating (e.g., Hunten, 1973 Hunten, , 1993 Hunten et al., 1987) . Multi-wavelength XUV observations by the ASCA, ROSAT, EUVE, FUSE, IUE, HST satellites of solar proxies with ages < 4.6 Gyr revealed a saturation of the XUV flux during the first 100 Myr (Güdel et al., 1997) at a value ∼100 times compared to that of today's Sun and a decrease after this early active period according to an XUV enhancement factor power law (Güdel et al., 1997; Ribas et al., 2005; Güdel, 2007) 
with t 0 the age of the present Sun and t Gyr the age of the Sun in time in units of Gyr. One should note that the power law above represents one that is valid for a typical moderate rotating young G-type star. Evolutionary decay laws for XUV radiation, therefore, is a function of the stellar rotation periods (e.g., Tu et al., 2015; Lammer et al., 2018) . Tu et al. (2015) found that, depending on whether a solar analog starts out as a slow or fast rotating young star after the disk phase, the XUV evolutionary tracks diverge first and then converge again after several hundred Myr when the rotation periods converge. The distribution of the XUV radiation is broadest in the range of a few tens to a few hundreds of Myr. However, as shown recently by Odert et al. (2018) , for low mass bodies such as Mars the effect to mass loss of early magma ocean related catastrophically outgassed steam atmospheres between a slow, moderate and fast rotating young G-type star is not very different because the main loss occurs during the early saturation phase of these stars. The effect in atmospheric escape related to the spinning-down rotation-activity relation of the host star is more important during later evolutionary stages and the possible build up of secondary atmospheres (see also : Lammer et al., 2018) . Here, we report on the escape by considering the power law above that corresponds to a moderate rotating young Sun-type star.
Because of the high XUV flux of the young Sun the H 2 O molecules in the thermosphere are dissociated and H 2 and H atoms have dominated the upper atmosphere until they escaped to space. XUV photons that can be absorbed by H or H 2 are uniquely suited to drive escape. Photons with longer wavelengths carry more energy but will in general be absorbed by good infrared radiating molecules, such as H 2 O and CO 2 , so that this energy cannot be so easily transformed into escape. The heating efficiency η which can be described as the net heating rate to the rate of solar energy absorption is in the order of ∼15% (Chassefière, 1996; Lammer et al., 2009; Shematovich et al., 2014; Odert et al., 2018) . By applying a formula which is based on the energy-limited equation where η = 100% for hydrodynamic escape (e.g., Hunten, 1973 Hunten, , 1993 Hunten et al., 1987; Zahnle et al., 1988) 
but modified for a lower more realistic η value of 15% (Chassefìere, 1996; Lammer et al., 2009) , with Newton's gravitational constant G, the mean density of the planet ρ pl and the present time XUV flux F XUV in Mars' orbit we obtain a loss of hydrogen which results in a decrease of surface pressure during time. An example with three different initial surface pressure values is shown in the left panel of Fig. 1 . One can see that an XUV-powered hydrodynamic blow-off removes a hydrogen content of 11 bar which corresponds to an outgassed 100 bar steam atmosphere in ≤15 Myr. Even Critical temperature T c leading to blow-off conditions on Mars as a function of exobase temperature T exo and exobase altitude h = z exo . The symbol "+" marks the present day exobase temperature and altitude, while the other symbols correspond to the modeled conditions of a CO 2 atmosphere which is exposed to 3, 10 and 20 times higher XUV fluxes as that of the modern Sun (Tian et al., 2009) .
the H-fraction of 88 bar which corresponds to a 800 bar H 2 O atmosphere is lost in ≤150 Myr. By comparing the flux of catastrophically outgassed volatiles during the magma ocean solidification phase with the corresponding escape flux to space we find that the source flux into the atmosphere is up to 2 magnitudes larger compared to the corresponding escape flux. This means that a water vapour dominated dense H 2 O/CO 2 steam atmosphere with several bars of CO 2 and several tens of bars H 2 O could originate, before XUV-powered hydrodynamic escape started to act efficiently.
One may argue that, even if the hydrogen content from a 100 bar H 2 O steam atmosphere is lost, the remaining part of ∼90 bar oxygen and several bar CO 2 were kept. In a recent study by Tian et al. (2009) it is shown that even a several bar CO 2 atmosphere was most likely not stable on early Mars during the first 500 Myr after the planet's origin. These authors applied a 1D multi-component hydrodynamic planetary thermosphere-ionosphere model and a coupled electron transport-energy deposition model to Mars and discovered that for XUV fluxes >10 times that of the present Sun CO 2 molecules can efficiently dissociate so that less thermospheric IR-cooling CO 2 molecules are available. Less IR-coolers result in higher heating efficiency η for the remaining CO 2 atmosphere and exobase temperatures compared to previous model results . According to the study of Tian et al. (2009) , the flux of the produced C and O atoms is >10 11 cm s −1 which was higher as the outgassing fluxes from volcanic activity, which depended on the remaining CO 2 inventory ∼4-4.4 Gyr ago.
That C and O atoms could escape from Mars to a great amount is also supported by the XUV-induced non-hydrostatic hydrodynamic expansion of the exobase level. The results of Tian et al. (2009) indicate that the exobase level expanded from present time ∼200 km altitude up to ∼900 km and even to ∼10000 km (∼3R pl ) for XUV flux values which were ∼10 and ∼20 times larger than the present solar value. The corresponding exobase temperatures T exo moved from ∼800 K and ≥2500 K. The consequences of high T exo for the expansion of the exobase and thermal escape from planetary atmospheres is shown in the right panel of Fig. 1 . The escape flux reaches blow-off when T exo ≥T crit (e.g., Öpik, 1963; Chamberlain, 1963; Erkaev et al., 2007) 
the thermal energy of the gas kinetic motion (3kT exo )/2 overcomes the gravitational energy corresponding to the thermal escape parameter X = (v ∞ /v 0 ) 2 ≈ 1.5. v ∞ is the escape velocity and v 0 is the most probable velocity of the Maxwellian velocity distribution of temperature T crit , G is Newton's Gravitational constant, M pl planetary mass, m particle mass, radius R = R pl + h, k is the Boltzmann constant and h is the distance above the planetary surface. One can see from Fig. 1 (right panel) that because of the high XUV fluxes of the young Sun, due to its low mass, Mars' early atmosphere could not keep hydrostatic conditions and expanded dynamically to several Mars radii so that blow-off most likely occurred.
The hydrodynamic escape of oxygen from primitive atmospheres of Venus and Mars was studied by Chassefière (1996) who applied a S XUV of ∼25 times that of todays Sun. This study is based on terrestrial planet formation models where the accretion for Mars occurred quite late at ∼100 Myr after the origin of the Solar System (Wetherill, 1986) . At that time the saturated XUV phase of the young Sun was over and the XUV flux began to decrease to lower values. However, there is much evidence of faster protoplanet formation (e.g., Quingzhu et al., 2002; Lunine et al., 2011) and short nebular evaporation time scales (e.g., Lunine et al., 2011) which indicate that Mars was most likely exposed during a time period of ∼50-70 Myr to an XUV flux which was much more than 10 times higher compared to the modern Sun. Because of the different and most likely outdated assumptions of Chassefière (1996) we carry out a rough investigation of the expected consequences of an earlier outgassed water dominated H 2 O/CO 2 steam atmosphere if embryo-size Mars accreted earlier.
In an atmosphere which is dominated by H 2 O vapour the water molecules will be more or less dissociated at about 100 km above the base of the expanding atmosphere which corresponds to the lower thermosphere (Chassefière, 1996) . Therefore one can expect that O atoms are the major form of escaping oxygen. The escape flux F O of the O atoms which can be dragged by the outward flowing hydrogen flux F H (e.g., Hunten et al., 1987; Chassefiére, 1996) 
with the mole mixing ratios X H and X O , the masses of the light and heavy species m H and m O , the so called cross over mass m c is
which depends on F H , the molecular diffusion parameter b (Zahnle and Kasting, 1986; Chassefiére, 1996) , gravity acceleration g, Boltzmann constant k and an average upper atmosphere temperature T which can be assumed for hydrogen under such conditions in the order of ∼ 500 K (Zahnle and Kasting, 1986; Chassefiére, 1996) . The left panel of Fig. 2 shows the loss related decrease of surface pressure by using a heating efficiency η=15% during the saturated phase of the young Sun's XUV flux. The initial surface pressure values are assumed to be 70 bar H 2 O and 12 bar CO 2 . It is also assumed that Mars finished its accretion at ∼10 Myr after the origin of the Sun (Hansen, 2009) . One can see that such an atmosphere can lose its oxygen in ∼10 Myr. One should also note that under these extreme conditions several bar of the outgassed CO 2 would also be lost, either in dissociated form as C and O atoms or as molecules. The maximum amount of an initially outgassed 340 bar dense steam atmosphere that could be lost completely from early Mars during the saturated XUV flux of the young Sun is shown in the right panel of in a recent review by Lammer et al. (2013) which assume that the altitude layer R XUV of the upper atmosphere where the XUV radiation of the young Sun is absorbed and transferred into heating of the thermosphere is close to R pl . However, in a more recent study by Erkaev et al. (2014) it is shown that in cases of a hot steam atmosphere and a planet with a low gravity, the atmospheric layer where the solar XUV radiation is absorbed and deposits its energy is more extended and R XUV is shifted to distances of several R pl . In such cases the fast escape of even a steam atmosphere with an amount of ∼70 % of an EO and ∼50 bar CO 2 can be lost within several 10 4 years (Erkaev et al., 2014) .
More recently, Odert et al. (2018) studied the escape and fractionation of volatiles and noble gases from Mars-sized planetary embryos at various orbital locations and possible XUV flux evolution tracks. The results of these authors agree with the examples discussed in this study and in Erkaev et al. (2014) . Therefore, one can conclude that typical magma ocean related catastrophically outgassed steam atmospheres are lost in timescales of ten to a few tens of Myr from Mars-like bodies, depending on the amount of degassed atmosphere, the orbital distance, and stellar activity evolution (Lammer et al., 2018; Odert et al., 2018) . Zahnle et al. (2008) applied a photochemical model for a dense early martian CO 2 atmosphere and found that the CO 2 could be photochemically converted into CO over timescales of ∼0.1-1 Gyr. These results are in agreement with a previous study of McElroy and Donahue (1972) . The fast transformation of CO 2 into CO could be prevented by catalytic recombination of CO with oxidants due to surface reactions or warmer climate caused by additional greenhouse gases. Depending on the absolute values of the catastrophically outgassed volatiles, the planets impact history (e.g. Segura et al., 2012; Rodriguez et al., 2015; Iijima et al., 2017) , possible additional greenhouse gases (i.e. CH 4 , H 2 , etc.) (e.g., Ramirez et al., 2014; Kerber et al., 2015; Fairén, 2017) , large lakes consisting of liquid water may have been only episodically present on the martian surface during the Noachian (e.g. Dohm et al., 2008; Rosenbauer and Head, 2015; Lu et al., 2017) . However, that Mars could have kept a dense CO 2 atmosphere resulting in a warmer and wetter environment during the first billion years seems unlikely due to the non-detection of large carbonate deposits (Bibring et al., 2005) .
Results which indicate that Mars should have lost a part of its outgassed CO 2 dragged by the hydrogen blow-off within 20 Myr are not in agreement with the modeled CO 2 loss rates of Manning et al. (2006) who studied thick and thin models of the evolution of CO 2 on Mars but considered only the not well understood process of impact erosion and delivery during the early Noachian. Because these authors did not consider that Mars could have lost most of its initially outgassed CO 2 -inventory by XUV-powered escape, in their study the martian CO 2 content decreased more slowly.
In case there are no undiscovered hidden large subsurface carbonate deposits and references therein) , from dynamical and escape models one can conclude that Mars evolved most likely "cold and dry" during the Noachian. About 4±0.2 Gyr ago, when the XUV flux decreased to more moderate values of ≤10 times that of the modern Sun, its atmosphere escaped at a lower rate. When this occurred, CO 2 , which was released into the atmosphere from volcanos may have built up a secondary CO 2 atmosphere which was denser than today's 7 mbar, but has been lost during the Hesperian and Amazonian by various nonthermal escape processes.
Nonthermal Escape since the End of the Noachian
The geological and mineralogical evidence of surface erosion features, such as outflow channels, suggest at least sporadic periods of liquid surface water at the end of the Noachian (e.g., Baker, 2001) . This indicates that Mars should have had a denser CO 2 atmosphere compared to the present ∼7 mbar ∼4±0.2 Gyr ago. In the following subsections we discuss various atmospheric escape processes for CO 2 from the late Noachian until today. 4.1 Solar wind induced ion erosion of the martian CO 2 atmosphere Barabash et al. (2007) used Mars Express ASPERA-3 ion escape data for the investigation of the solar wind erosion of the martian CO 2 atmosphere related to the planet's history. This is also the time period where the martian magnetic dynamo stopped to work so that atmospheric escape of ionized particles could also work (e.g., Chassefière et al., 2007) . Barabash et al. (2007) estimated the total CO + 2 solar wind erosion rates and found that Mars loses only a tiny amount at present in the order of ∼8 × 10 22 s −1 . By estimating this loss rate backward to the end of the Noachian one obtains a total loss equivalent to the surface pressure of about ∼0.2-4 mbar (Barabash 22 H. . Such low values for the molecular ion loss are within the minimum and maximum values of theoretical studies which yield model depended amounts in the order of ∼0.8-100 mbar (e.g., Ma et al., 2004; Modolo et al., 2005; Chassefière et al., 2007; Lammer et al., 2008; Manning et al., 2010) .
Sputtering of carbon bearing species during the Hesperian and Amazonian
Atmospheric sputtering has been identified as an important escape source of heavy atoms from the upper atmosphere in the case of Mars, but of less importance for more massive planets like Venus (Luhmann and Kozyra, 1991) . Leblanc and Johnson (2002) studied sputter rates of molecular species, such as CO 2 and CO, at the martian atmosphere during the past 3.5 Gyr. These authors coupled a test particle Monte Carlo model with a molecular dynamic model which described collisions between photochemically produced "hot" atoms and molecules in the martian thermosphere for XUV fluxes which are 3 times and 6 times larger than that of the present Sun. According to Ribas et al. (2005) these XUV flux enhancements correspond to planet ages of ∼2 Gyr and ∼3.5 Gyr ago. Leblanc and Johnson (2002) obtained from their model a total loss of CO 2 molecules during the past 3.5 Gyr of ∼6 mbar, for CO ∼7 mbar and ∼15 mbar for C atoms. This yields a total sputter loss of CO 2 in the order of ∼60 mbar. One can see that, similar to the case of ion erosion, not much of the main CO 2 atmosphere escaped via this nonthermal loss process since the end of the Noachian. We agree with Chassefière et al. (2007) that it is important to know when the martian magnetic dynamo vanished. Because the sputtering efficiency is highly nonlinear with the solar XUV flux, a long period of intense escape by sputtering could have been initiated in case the martian magnetic dynamo stopped working before 4 Gyr ago. But one should also note that it was shown by Terada et al. (2009) that, due to the extreme solar wind-atmosphere interaction caused by the young Sun before ∼4 Gyro ago, a stronger magnetic field of several hundreds of nT could have been induced on the entire dayside ionosphere, which should have decreased sputtering loss during the transition period after the intrinsic dynamo stopped working. 4.3 Escape of "hot" C and O atoms during the past 4 Gyr Suprathermal O, C, and N atoms are found near and above the exobase as a result of exothermal photochemical reactions, such as dissociative recombination (DR) of O + 2 , N + 2 or CO + ions (e.g., Ip, 1988; Nagy et al., 1990; Kim et al., 1998; Lammer et al., 2000; Fox and Hać, 2009; Krestyanikova and Shematovich, 2006; Valeille et al., 2010) . The production of these hot atoms in the upper atmosphere significantly depends on the solar XUV radiation. For preliminary estimates of the efficiency of the CO 2 loss related to the escape of "hot" C and O atoms since the past 4 Gyr we apply the "hot atom" Monte Carlo model of Gröller et al. (2010) to the CO 2 atmospheres modeled by Tian et al. (2009) . The calculation of the production rates of "hot" O and C atoms originating from DR of O + 2 and CO + molecular ions, which yield O( 3 P, 1 D), O( 3 P, 1 S) and C( 3 P, 1 D), O( 3 P, 1 D, 1 S) atoms, is based on an electron temperature dependent rate coefficient, where the total energy of these newly produced particles is a sum of their released energies ( E) according to a DR reaction channel of kinetic and internal energy, the latter being stored in case of molecules as vibrational and rotational energy. Excited C atoms are also produced by photo-dissociation of CO molecules from CO + hν → C( 3 P) + O( 3 P) + E, where E is obtained as the difference of the photon energy and the energy which is needed to dissociate the molecule and excite the newly produced atoms.
The magnitude of the initial velocity of a "hot" particle is randomly chosen from the calculated velocity distribution while the direction of the initial velocity is assumed to be isotropically distributed. Calculation of the new velocity vector of the "hot" atom after its collision is based on the energy dependent total and differential cross sections for elastic, inelastic and quenching collisions (Gröller et al., 2010) . A primary "hot" atom can generate numerous cascaded "hot" particles. As a result, at any altitude, the velocity vectors of the suprathermal particles are known and the flux fraction of "hot" C and O atoms with velocities larger than the escape velocity are calculated. For present Mars we obtain total escape rates for "hot" O atoms of ∼9×10 25 s −1 and for "hot" C atoms ∼2.7 × 10 25 s −1 during high solar activity conditions and ∼3 × 10 25 s −1 for "hot" O atoms and ∼3 × 10 24 s −1 for "hot" C atoms during low solar wind conditions. Monte Carlo calculations based on the thermosphere profiles modeled by Tian et al. (2009) during the earlier periods yield an integrated total CO 2 loss from today to 4 Gyr ago of ∼200-400 mbar (Amerstorfer et al., 2017) .
By considering the integrated partial pressure values from the discussed nonthermal atmospheric escape processes above, the obtained total losses are in agreement with Kurokawa et al. (2017) who estimated from N 2 and Ar isotopic composition measurements that Mars' lost at least 500 mbar during the past 4 Gyr. 4.4 Surface sinks for CO 2 Besides escape of CO 2 to space by the various nonthermal loss processes discussed before, CO 2 could also be trapped or stored in the regolith or in the form of ice. The SHARAD instrument on board of the Mars Reconnaissance Orbiter (MRO) spacecraft performed systematic radar soundings of the layered deposits at the martian polar areas. From these sub-surface sounding experiments Phillips et al. (2010) found 4 regional reflection-free zones (RFZ) which distinguished qualitatively by their radar characteristics. From the reflection analysis the SHARAD-team discovered that at least one of these zones (RFZ3) occurs beneath the South polar residual cap and is composed of ∼5 m of solid CO 2 underlain by an apparently thin layer of water ice. The equivalent atmospheric pressure of the extrapolated RFZ3 volume is ∼4-5 mbar. If similar contents are stored in RFZ1 and RFZ2 one would obtain CO 2 in ice of the order of ∼15 mbar. This is about the half amount of CO 2 which is expected to be desorbed in the regolith (Zent and Quinn, 1995) . We note that some amount of CO 2 which is trapped in the ice, was and will be released into the atmosphere during periods of climate change so that the CO 2 content in the atmosphere and the surface pressure can vary. Bandfield et al. (2003) measured ∼2 % carbonates in the martian dust, which is also in agreement with findings of NASA's Phoenix lander. It is not clear if the carbonates in the dust can be considered as representative for the top 1-2 km of the martian crust or whether the carbonates formed preferentially in the dust/atmosphere and are artificially enriched in the dust. If the dust is representative of the first suggestion, it may be possible that a global layer with a thickness of ∼1-3 km can account 24 H. Lammer et al. for ∼1-3 bar surface weathered CO 2 . However, as discussed in Section 3 it seems very unlikely that early Mars accumulated a large amount of oxygen which remained from its outgassed water vapour dominated H 2 O/CO 2 steam atmosphere, so that a dense photochemically stable CO 2 atmosphere (Zahnle et al., 2008) could be kept.
Thus, the amount of presently detected CO 2 in the ice or regolith inferred from observations corresponds to ≤30-50 mbar. The total model dependent sum of the CO 2 atmosphere at the end of the Noachian ∼4 Gyr ago which escaped to space together with the known CO 2 in the surface yield ≤0.1-0.3 bar. This values are much lower than the ∼1-5 bar of CO 2 required for an effective greenhouse effect responsible for the "wet and warm" early Mars hypotheses (Forget and Pierrehumbert, 1997) .
If early Mars could produce a CO 2 atmosphere of several 100 mbar at the end of the Noachian, due to the lack of the efficiency of escape to space the majority of Fig. 3 . Illustration of the evolution of the Mars atmosphere and H 2 O inventory. As discussed in the main text a complex interplay between the high XUV activity of the young Sun and atmospheric escape during the first several hundret Myr kept early Mars most of its time cool and dry. After the solar XUV flux decreased at ∼4 ± 0.2 Gyr ago, outgassing from volcanos most likely resulted in the build-up of a slightly denser, warmer and wetter CO 2 atmosphere which may have accumulated a surface pressure of a few hundred mbars. This atmosphere was lost until present by various nonthermal atmospheric escape processes such as dissociative recombination of carbon bearing molecular ions, solar wind induced sputtering and ion erosion, carbonate precipitation, and serpentinization during the Hesperian and Amazonian epochs (Chassefière and Leblanc, 2011). this atmosphere should have been removed to the crust by sequestration in carbonate rocks and partially recycled to the atmosphere under reduced and/or oxidized form (Chassefière and Leblanc, 2011; Lammer et al., 2013) . If there are not enough CO 2 deposits hidden under the planet surface, then alternative greenhouse gases are necessary for the explanation of standing bodies of liquid water on the planet's surface ∼3.5-4.0 Gyr ago. Figure 3 illustrates the evolution of the martian CO 2 atmosphere according to our study.
5 Testing Atmosphere Evolution Hypotheses by UV Transit Observations of Terrestrial Exoplanets within Orbits of Dwarf Stars As discussed in Section 3, depending on the atmospheric species in the thermosphere, non-hydrostatic dynamically expanded upper atmospheres should develop if the XUV flux of a star is several times larger compared to the present solar value. If light atoms such as hydrogen populate the thermosphere the upper atmosphere expands beyond possible magnetosphere boundaries and energetic neutral atoms (ENAs) can be produced via charge exchange collisions with the stellar wind protons (Lam- Fig. 4 . Preliminary model simulation of an expanded hydrogen-rich thermosphere with an exobase level at about 17R Earth and related hydrogen corona which contains outward flowing planetary hydrogen atoms (yellow dots) and stellar wind (green dots) (n sw = 250 cm −3 , v sw = 330 km/s, T sw = 1 MK) produced hydrogen ENAs around an Earth-like planet within an orbit of an M-star habitable zone at 0.23 AU (after Lammer et al., 2011b; Kislyakova et al., 2013) . The red and blue dots correspond to ENAs which are moving towards (red dots) and away (blue dots) from the host star. The dark circle correspond to the size of the planet. The dashed-line illustrates a planetary obstacle which can be a ionopause or magnetopause. mer et al., 2011a, b) . If the atmospheric evolution hypothesis which is discussed in this work is correct, then every terrestrial planet with a hydrogen-rich upper atmosphere, and exposed to higher XUV fluxes compared to the present solar value should be surrounded by a huge planetary hydrogen corona. This corona will interact with the stellar wind plasma flow so that a huge ENA cloud can be produced. By applying a direct simulation Monte Carlo code which is coupled with a stellar wind plasma flow model one obtains results as shown in Fig. 4 . The model approach of these studies which is described in detail in Lammer et al. (2011a, b) and Kislyakova et al. (2013) indicates that observations in UV of such hydrogen clouds around terrestrial exoplanets in orbits of low mass M-stars should be possible during transits. One can see from these preliminary results that a huge fraction of the host star should be covered with the outward flowing planetary neutral hydrogen atoms and produced ENAs during a transit. By modeling virtual transits and investigation of the absorption of the host stars' Lyman-α emission (Holmström et al., 2008; Ekenbäck et al., 2010; Lammer et al., 2011a, b) one can study the parameter space which is necessary for testing the discussed atmospheric evolution theories. By observing the size of XUV-heated and extended upper atmospheres and related hydrogen and ENA-clouds and by determining the velocities of the surrounding hydrogen atoms, the upper atmosphere stellar wind environment can be characterized. Due to the large number of M stars, their long periods of stellar activity and small size in comparison to G stars (Güdel, 2007) , M stars should represent promising candidates for the detection of extended hydrogen clouds (Lammer et al., 2011b) via transit observations in the UV-range with near-future space observatories such as the WSO-UV (Shustov et al., 2009) and will shed more light on the atmospheric evolution scenarios which are discussed before.
Conclusions
At the present state of knowledge we conclude that due to Mars' small size and mass, together with the high XUV activity of the young Sun the planet's initially produced water vapour dominated H 2 O/CO 2 steam atmosphere was lost within the first 100 Myr after its origin. The solar activity of the young Sun was most likely high enough that a denser CO 2 atmosphere could not be built up during most time of the Noachian which is also in agreement with findings of the OMEGA instrument on board of ESA's Mars Express spacecraft of an early escape of most of Mars' CO 2 atmosphere (Bibring et al., 2005) . At the end of the Noachian when the solar XUV flux decreased a secondary outgassed CO 2 atmosphere may have build up, but was lost again during the Hesperian and Amazonian. The CO 2 amount lost from the atmosphere at the end of the Noachian until today was most likely not much higher than ∼0.3 bar. Until no large hidden subsurface carbonate deposits are discovered, the present picture for Mars' evolution reveals a planet which was most of his life a cold, frozen and dry body with sporadically warmer periods around ∼3.6-4 Gyr ago, but most likely no liquid water oceans on its surface.
